Calculations have been carried out of the angular distribution and total collision crosssection to be expected in the case of the scattering of neutrons of energy in the range 83 to 250 MeV by protons. Bom's approximation has been used in these calculations, and a large variety of possible shapes and ranges for the radial variation of the interaction potential have been investigated. For each case the radial variation of the central and non-central parts of the interaction was taken to be the same. The conditions for the validity of this approximation are discussed. Although only fair at the lower end of the energy range studied it should give reasonable results at the upper end of the range, especially in the case of potentials other than the spherical well.
Introduction
Recent developments in cyclotron technique have made possible the production of beams of neutrons of energy of the order of lOOMeV or greater, and these are being used to investigate the total Cross-section and angular distribution in the scattering of high-energy neutrons by protons. Such measurements are of fundam ental im port ance because of the light they shed on the form of the law of interaction between nucleons. The law of interaction cannot, however, be obtained directly from such experiments. Instead, one has to calculate the cross-section and angular distribu tions expected on the assumption of a number of different forms of the interaction and to find which assumed interactions give results in closest agreement w ith experiment. Camac & Bethe (1948) have shown th a t it is possible to explain the experimental results by assuming a spherical well shape of n-p interaction of range 2*0 x 10-13 cm. and by supposing the interaction to be a purely central one. Barker (1948) and Chew & Goldberger (1948) have also investigated the case of a purely central inter action, for potentials of the exponential and Yukawa form respectively.
I f purely central forces only are considered however, difficulty is m et with in trying to account for the observed electric quadrupole and magnetic moments of the deuteron. R arita & Schwinger (1941) first considered the effect of non-central forces in the n-p scattering problem. The introduction of such forces not only adds greatly to the complexity of the calculation, b u t it also increases the ambiguity in the choice of a suitable form of the interaction energy. For example, should the radial dependence of the central and non-central interactions be the same? I t might be thought th a t meson theory would give a guide to the way in which the non-central interaction should be introduced, but in the various meson theories the non-central interaction is associated with singularities of a high order. R arita & Schwinger assumed the radial dependence of both central and non-central inter actions were the same, but they took three possible forms of the n-p interaction with exchange properties similar to those of the symmetrical, charged and neutral meson theories. They considered, however, only one form of the radial variation of the interaction energy-a spherical well of range 2*80 x 10-13cm.
Recently several workers (Eisenstein & Rohrlich 1948; Ashkin & W u 1948; Massey, Burhop & H u 1948) have used the interaction constants deduced by R arita & Schwinger to calculate the angular distribution and total collision cross-sections to be expected for collisions between neutrons of energy about 100 MeV with protons. Massey et al. (1948) have shown th a t w ith such a shape and range of in ter action it is possible to get agreement w ith the early experimental results on the angular distribution, b u t the total cross-section for all types of interaction is too large.
A systematic investigation of the dependence of the to tal cross-section and angular distribution in high-energy n-p scattering on the shape and range of the assumed interaction has been made possible by the recent calculation by H u & Massey (1948) of appropriate interaction constants for a large variety of such shapes and ranges.
Following R arita & Schwinger, H u & Massey assumed three types of interaction w ith exchange properties suggested by symmetrical, charged and neutral meson theories respectively.
They took the following three forms for the interaction energy:
Interaction I (symmetrical theory): ' = (h2/ Mr §)Tj.T2[(a/ 12) (o1.a 2+ 3) + (ay£12/3) + (gr/4) (o !.a 2-1)] F(r/r0);
Interaction I I (charged theory):
'T = (h2IMrl) ( 1 + 2l T2) [(W4) {<*i-<*2+Z) + ayS12+(gl±) (o^o .* -1)] F(r/r0);
Interaction I I I (neutral meson):
In these expressions av a 2, t15 t2 are the usual spin and isotopic spin operators;
$12 ~ -°i • °2 is the tensor force operator; g, a, y are dimensionless con stants; and F(r/r0) a function th a t specifies the radial dependence of the interaction of 'range' r0. In each case the form of F (r/r0) was taken to be the same for both the central and non-central parts of the interaction. For even states all three interactions of (1) reduce to the same expressions, viz.
•1^v e n = -( # W )^W > 'o ) . I = -W M r l) o( 1 + yS a ) F(r/r0). J H u & Massey studied the following forms of the function F(r/r0) for a number of values of the range of interaction, r0:
(1) Spherical well: F(r/r0) = 1 for r < r0;' = 0 for r0;
(2) Yukawa potential:
(3) Exponential potential: F(r/r0) = e-r/r»; (4) Gaussian potential: V(rjr0) = e-^®)2.
In each case the constants a, g, y were determined to give correctly the binding energy, the energy of the virtual singlet state, and the quadrupole moment of the deuteron. Table 1 summarizes the cases studied and the interaction constants obtained as Well as the similar constants for single cases derived from those of R arita & Schwinger (1941) for the spherical well of range 2-80 x 10-13cm. and of Chew & Goldberger (1948) for the Yukawa potential of range 1*18 x 10-13 cm. The constants shown in this table are those used in the present work.
The accurate calculation of the cross-sections and angular distributions in highenergy n-p scattering for these various forms of F (r/r0) is a t present being carried out . in this department but involves very lengthy computations. In the present work these cross-sections are calculated by means of B om 's approximation for incident neutron energies in the range 83 to 250 MeV. The evidence available on the accuracy of the approximation under these conditions is discussed later. I t would appear th a t it should give reasonable results except a t the lower end of the energy range. A t the upper end of this range one would expect relativistic effects to begin to assume importance. The expressions for the n-p scattering cross-section using B om 's approximation and taking account of tensor forces has been derived by Ashkin & W u (1948) . Although our derivation differs a little from theirs it yields the same results, so th a t we discuss the theory only briefly in the present paper.
According to whether the neutron and proton spins are parallel or anti-parallel with respect to one another the states of the neutron-proton system will be triplets or singlets. I f the symbols 1, 2 refer respectively to the spin co-ordinates of the neutron and proton the spin-dependent parts of the wave functions of the triplet states will be " /4>x 8Xi = a (l)a (2 ), > 1
where the suffixes on the left-hand side refer to values of the magnetic quantum num ber m8, and a, /? are the ordinary eigenfunctions of the single-particle spin operator.
Similarly for the singlet case we have the spin-dependent p art of the wave function given by
Let M n0 be the initial momentum of the incident neutron in the centre of mass system and M n its momentum after scattering, n being unit vector specified by the co-latitude and azim uth 0, < f> respectively, relative to n 0. Since w ith the non-central interaction the to tal spin of the system remains a constant of the motion, the m ultiplicity of the state will not change in the scattering process, bu t the magnetic quantum num ber m8 may change. B orn's approxim ation gives for the differential cross-section for scattering into the solid angle d(o in the direction n (d , < f> ) from an initial sta quantum num ber ms to a final state of magnetic quantum number ms,
the integration being carried out over all values of the spatial co-ordinates, the summation over all values of the spin co-ordinates. Finally, for an actual beam of unpolarized neutrons the weighted mean of (7) and (8) has to be taken, giving for the expected differential cross-section
1(6, «S) = l A r t p
To evaluate (6) it is necessary to calculate j L S A^X n ,, *n n spin co-ord.
for the three types of interaction (1). Consider first the case of an interaction consisting entirely of ordinary forces (type I I I interaction). W riting
co-ord. »©©0' 6cOCDHHXCDCOHWCOCO'^i6hO' OOl>«0'Tf<^l©CD©HlOa Hl©^00^05Wi©l©»C^WH05M©COHOXh»©^WWH0050500?.
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singlet case, m8 = m8 = 0 and = g. To evaluate (6) we then need to k integrals j 0<&(no-n).r F (r/r0) Jetfc(no-n).r F (r/r0) P2(cos E) dr J e<*(no-n) •r F (r/r0) cos dr J*eife(no-n). t y (r{rQ ) P|(cos E) dr (2)( 0 ,0 ) ) .
Carrying out the integrations of (11) we obtain f0 0 s i n 'iTr 
c<»(0, 0 ), cP\0,<j>) are similar to c(0) b u t w ith P2(cos^) replaced by P 2(cos$) e^', Pf(cos#) e2^' respectively. In these expressions sin and 2-9 = n -6. <!>' is an azim uthal co-ordinate of the vector n 0 w ith respect to a polar axis in th e direction of n 0 -n.
Carrying out the averaging process of equations (7) and (8) W (is) so th a t the weighted mean of these gives for I(0,<fi),
which is the same as the expression obtained by Ashkin & W u (1948) . For exchange forces of type II, B om 's approxim ation gives an expression identical w ith (16) b u t w ith 6 replaced by tt -6, viz.
The to tal collision cross-section in this case is then the same as in th e type I I I interaction, the differential cross-section a t a scattering angle 6 in the type I I interaction being identical w ith th a t a t n -6 in th e type I I I interaction. This relation between the angular distributions in the type I I and type I I I interaction is a feature of B orn's approxim ation. I t does no t hold in the case of the exact calculation.
For the case of symmetrical forces of type I interaction, in the integrals of equa tion (11), eikz has to be replaced by cos kz -3 s by cos kz -sin kz in the case of triplet states, where n 0. r . This leads to th e following expression for I(0,<f>) for type I forces:
As pointed out by Ashkin & W u for a given shape of interaction, I{6,<}>) can be determined for any incident momentum Ich and any angle of scattering 6 when the functions f(&)Ir0, c(6)lr0 are known because these are dimensionless quantities which involve 6 through the product J f r 0 only. For the interaction shapes given in equation (3) Table 3 gives the functions/(0)/ro, c(d)/r0 given by equations (19) to (22) for the four kinds of interaction considered. In this table xsin \d is taken as argu ment. Knowing these functions the differential cross-section for any value of 6 may be calculated for the three types of interaction and for any k, r0, or shape of well, using equations (16) to (18). The calculations of Ashkin & Wu show, however, th a t the position is quite different for neutrons of energy 200 MeV and the same shape of potential well. In th a t case the total cross-section given by Born's approximation for type I inter-' action agrees with the accurate cross-section to within 1 %, and the angular dis tributions are reasonably close.
Validity of B orn's approximation
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B om 's approxim ation m ight be expected to give rath er better results for the other shapes of interaction. Interactions of other shapes rem ain finite out to greater distances than in the case of the spherical well, so th a t there is a greater contribution to the scattering from more distant collisions in these cases. As a result phase shifts, 8h corresponding to larger values of the angular mom entum Ih, are im portant in calculating the scattering. B ut the larger the value of l, the more closely do the accurately calculated phase shifts agree w ith those of B orn's approxim ation. So th a t the approxim ation m ight be expected to be the more accurate the larger the num ber of phases making a significant contribution to th e scattering.* Applying this argum ent to the shapes of interaction discussed in this paper, one m ight expect the approxim ation to give better results for the Y ukawa potential th a n for the Gaussian or spherical well interaction. Using a similar argum ent, for a given shape of interaction, B orn's approxim ation m ight be expected to give more accurate results the longer the range.
E. H. S. Burhop and H. N. Yadav
R e s u l t s o f t h e c a l c u l a t io n (a) The functions f {6), c{6)
The form of the angular distribution of the scattered particles is determined by the form of the dimensionless quantities /(#)/r0, c(6)jr0, tabulated in table 3. The q u an tity /(0 )/ro shows a more rapid decrease w ith increasing x for small x in the case of potential shapes (2) and (3) th an in the case of potential shapes (1) and (4). This gives rise to a tendency to concentrate the scattering into small angles for these shapes of potential in the case of ordinary forces, and into angles near 180° in the case of exchange forces. Physically this concentration of the scattering into small angles in the case of the Yukawa and exponential well potentials arises from the long ■ ■ tail ' of the potential function in these cases in comparison with the spherical well and Gaussian potential types of interaction.
For the spherical well type of potential b o th /(0) and c(6) pass through zero and become negative. The other types of potential do not show this behaviour. As a result the angular distribution is much less smooth for the spherical well than in the case of the other kinds of potentials. 
The scattering of high-energy neutrons by protons
... interaction I I , ---------interaction III.
(b) The angular distribution of the scattered neutrons Table 5 shows the calculated angular distribution in the scattering of neutrons of energies 83, 150, 250 MeV for different assumptions about the type of interaction and the shape and range of the potential.
The shapes of the angular distribution are qualitatively different for the three types of interaction assumed. This is illustrated in figure 2 which shows the angular distribution of scattered neutrons for the three interaction types for a Yukawa interaction of range 1*74 x 10-13cm., and incident neutron energy 100 MeV. Thus a study of the angular distribution can enable a choice to be made between the different interaction types. The results of the preliminary experiments already reported using neutrons of energy 90 ± 13MeV enable one to reject an interaction of type II I, although more careful measurements and more accurate calculations will be required before a decision can be arrived a t as to the actual exchange properties of the interaction. Figure 3 shows the angular distribution for neutron energies of 83, 150 and 250 MeV for a Yukawa interaction of range 1*18 x 10-13 cm. and type I interaction. As the neutron energy increases the ratio of the scattering a t 90° to the scattering a t 180° decreases markedly. This is a characteristic feature for all shapes of well as is seen from table 5. I t is more difficult to get information regarding the shape of the potential from the angular distribution. For each shape of interaction there is a wide variety of forms of the angular distribution predicted, corresponding to different assumed ranges of interaction. This is shown particularly by figure 4 which shows, for incident neutrons of energy 83 MeV and symmetrical forces the shapes of calculated angular distributions assuming three different ranges for a spherical well potential. As the range is decreased the am ount of non-central interaction necessary to give the correct deuteron quadrupole moment becomes greater. The effect of this extra non-central interaction is to give rise to more scattering near 90° in the centre of mass system. I f one considers different shapes of interaction and chooses a suitable range for each so as to make the ratio of the differential cross-section a t 90° to th a t a t 180° th e same in each case, there are certain differences in the detailed form of the angular distributions th a t m ight be used to distinguish between the different interaction shapes. There is a tendency to a greater concentration of the scattering into angles near 0 and 180° for the Yukawa and exponential potentials th a n is the case for spherical well and Gaussian shapes of interaction. This is shown, for example, in figure 5 , which illustrates the angular distribution for a spherical well interaction of range 2*62 x 10~13cm. and a Y ukawa potential of range 1*18 x 10-13cm. The scale for the ordinates of these curves is arbitrarily adjusted to make the cross-section a t 180° coincide in the two cases. W hen this is done the curves he fairly close together a t 90°, b u t the detailed shapes of the curves are quite different. Careful measurement of the angular distribution near 0 and 180° should enable a decision between these two possible potential shapes to be arrived a t. As already pointed out, some of the angular distributions in the case of the spherical well potential show characteristic irregularities. These are more evident in the case of type I I I interaction, but they are also present in some of the type I interaction cases as can be seen from table 5, and could perhaps provide a means of distinguishing a potential shape of this type from other possibilities. In conclusion, then, the angular distribution enables considerable light to be thrown on the exchange properties of the nucleonic interaction, but useful informa tion about the state of the potential can only be obtained from quite accurate measurements of the distribution, particularly near scattering angles of 0 and 180°.
E. H. S. Burhop and H. N. Yadav
The scattering of high-energy neutrons by
(c)
The total collision cross-section Table 6 shows the results of the calculation of the variation of total cross-section for n-p scattering with incident neutron energy for interactions of types I and I I and the different assumptions about the potential shapes. The wide range of variation of the calculated total cross-section and the differences in the form of its variation with incident neutron energy makes it evident th a t the total cross-section provides a better means of distinguishing between different forms of the potential than does the angular distribution. would be expected to agree fairly closely with the accurate calculation, even for the spherical well.
The curves of figure 6 show th a t the range of the interaction determines to a con siderable extent the form of the variation of the total cross-section with incident neutron energy. The decrease of total cross-section with increase of neutron energy is less rapid with the shorter range interactions where the non-central p art of the interaction increases in importance.
For a given interaction, a given shape of potential, and a given incident neutron energy, figures 7 and 8 show the variation of total cross-section with the range of the interaction. As the range of interaction decreases the total cross-section passes through a minimum and then increases. This increase a t very short ranges is asso ciated with the increasing importance of the non-central p art of the interaction. The curves of figures 7 and 8 show th a t for both the spherical well and the Yukawa potentials, the minimum in the total cross-section-range curves occurs for larger ranges a t higher incident neutron energies. Cook, McMillan, Peterson & Sewell (1947) have reported results of the measure ment of the total cross-section for n-p scattering using neutrons of energy 90 ± 13MeV. They obtained the value (8*3 ± 0*4) x 10~26cm.2. This is smaller than the value given for this energy for any of the potential shapes investigated in these calculations. Of all the potentials investigated the Yukawa potential of range 1*18 x 10~13cm. and type I interaction gives a total cross-section closest to th a t observed experimentally. The value given by it is 9*5 x 10~26cm.2 for neutrons of energy 90 MeV.* If, as in the case of the spherical well potential, Born's approxima tion gives too high a value also for the Yukawa potential, the accurate cross-section for this potential would probably lie still closer to the observed value.
Comparison with experiment
For the angular distribution of neutrons of energy about 90 MeV scattered by protons, Hadley, Leith, York, Kelly & Wiegand (1948) have given some preliminary results. I t has been shown by Massey et al. (1948) th a t these results could probably be explained on the assumption of a spherical well potential of range 2*80 x 10~13 cm. and an interaction of type II. Such an interaction, however, gives much too high a value of the total collision cross-section (15-8 x 10~26 cm.2). The Berkeley experi ments gave for the ratio, of the differential cross-section a t 180° to th a t a t 90°, a value about 3. The value obtained for this ratio for a type I Yukawa interaction of range 1*18 x 10-13 cm. is about 6 (see figure 3) . However, owing to the sharp increase in the differential cross-section a t scattering angles near 180° for potentials of this type, it seems likely that, unless the measurements near a scattering angle of 180° were carried out with considerable accuracy, a value of the ratio cr18Q°jo'90o less than 6 might be obtained.
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